Abstract: The effects of supplementary lighting with high-pressure sodium (HSP) lamps alone or in combination with carbon dioxide (CO 2 ) on the growth, yield, and flower stem quality of two rose cultivars ('Loving Heart' and 'Top Grace') were studied. Compared to natural lighting (control), supplementary lighting alone was beneficial for plant growth, and it increased plant height, stem diameter, and the number of axillary shoots. Furthermore, increases in flower stem yield (>70 cm), flower stem diameter, fresh weight, and the number of petals per flower were also observed. The combination of supplementary lighting and CO 2 significantly enhanced all of the studied parameters compared to supplementary lighting alone. Moreover, stomatal density and chlorophyll fluorescence were seemingly affected by either supplementary lighting alone or in combination with CO 2 . This is the first study to examine the beneficial effects of combined supplementary lighting and CO 2 conditions, and the resulting information is essential to rose growers and commercial production.
Introduction
The rose (Rosa hybrida L.) has been the world's most popular ornamental plant since the 19 th century, and it is a fixture at events throughout the world. As a result of increased global demand, many researchers developed new rose cultivars via traditional or molecular breeding techniques. The cultivars 'Loving Heart' and 'Top Grace', developed by a Korean research center, are now popular and commercially grown as cut flowers in Korea. Moreover, increased demand necessitated efficient year-round cultivar production.
The increased production of cut roses strongly depends on levels of supplementary lighting from highpressure sodium lamps (HPS), because the high red to far-red (R:FR) ratio of light radiated by HPS lamps increases leaf photosynthesis rates, plant growth and development, bud break, and subsequent yield in the greenhouse (Tsujita and Dutton 1983) . In addition, it has been applied to improve vase life and flower quality (Bredmose 1993; Roberts et al. 1993; Fjeld et al. 1994; Blom-Zandstra et al. 1995; Maas and Bakx 1995; Mortensen and Gislerùd 1999; Harada and Komagata 2014) . Moreover, continuous flower development may stop under unfavorable light conditions, and the flower bud may abort, resulting in a blind shoot (Horridge and Cockshull 1974; Zieslin and Moe 1985) . The beneficial effects of supplementary lighting on the cultivation of horticultural crops such as vegetables, fruits, and ornamental plants have been also reported (Fierro et al. 1994, Gunnlaugsson and Adalsteinsson 2006; HoviPekkanen and Tahvonen 2008; Pettersen et al. 2010) .
Since the rose is an ornamental C3 plant, photosynthesis requires 800-1000 μmol mol -1 CO 2 to reach normal saturation (Lawlor and Mitchell 1991) . Therefore, it is commercially cultivated at 1000 μmol mol -1 CO 2 with optimum day/night temperatures of 28/18°C in the greenhouse (Jiao et al. 1991; Jiao and Grodzinski 1998) , which results in a significant increase in plant growth and yield of good quality flowers. Mortensen and Moe (1983) suggested an interaction between supplementary lighting and CO 2 enrichment in chrysanthemums, and the largest growth rate increase was achieved under conditions with combined CO 2 enrichment and the highest photosynthetic photon flux density (PPFD). Similarly, the combined effect improved seedling growth and yield of tomatoes and peppers (Fierro et al. 1994) .
Light intensity (Lake et al. 2001 ) and elevated CO 2 concentrations (Uprety et al. 2002; Das 2003) are known to affect various stomatal characters. Among the characters, stomatal density is an important eco-physiological parameter that affects gas exchange or the photosynthetic rate (Uprety et al. 2002) . However, no experiments have investigated the combined effects of CO 2 and supplementary lighting on plant growth and production in roses.
In this study, the stents of rose cultivars 'Loving Heart' and 'Top Grace' were exposed to supplementary lighting alone or in combination with CO 2 enrichment, and plant growth, yield, and flower stem quality under the treatments were investigated and compared.
Materials and Methods
This experiment was conducted at Gumi Flower Research Station, Republic of Korea. The rooted cuttings of the rose cultivars 'Loving Heart' and 'Top Grace' were planted in planting beds (60 cm in width, 850 cm in length, and 70 cm in height) filled with a mixture of clay loam, perlite, and peat moss (1:1:1) (v/v) in a greenhouse, where the optimum day/night temperatures were maintained at 28/18°C. Plants were irrigated with full strength Hoagland solution every day until the cuttings were established. One hundred plants of each cultivar were then randomly selected, and they were pruned at 15 cm above the ground level to obtain uniform height. All of the pruned plants were then allowed to grow under the same glasshouse conditions at a density of 10 plants m −2 , and irrigation was performed as described above. In addition, the greenhouse was automatically ventilated at temperatures >28°C.
Effects of supplementary lighting
In order to investigate the effects of supplementary lighting on plant growth, yield, and flower stem quality, plants were treated daily with supplementary light using hyper pressure sodium (400 W HPS) lamps for a six-hour dark period beginning at sunset. Each lamp was placed over 10 plants at a distance of 1.5 m above the planting beds to obtain a photosynthetic active radiation (250-142.5 μmol m −2 s −1 PAR). However, the operating time of the supplementary lightning was automatically adjusted based on the weather and the photosynthetic active radiation. For instance, although supplementary lighting was approximately six hours on optimal days, longer treatment times were necessary on cloudy and rainy days during the daytime when the photosynthetic active radiation was lower than 250-142.
Combined effects of supplementary lighting and CO 2
Plants were simultaneously treated with supplementary lighting and CO 2 (1,000 μmol mol -1 ) in order to determine the combined effects of the two parameters on plant growth, yield, and flower stem quality. The CO 2 concentration was controlled automatically with a computer controlled CO 2 supply system (SH-MVG, SOHA Tech. Co., Seoul, Korea).
This research consisted of three treatments with three replicates of each (20 plants per replication), and it was conducted from November 12 to February 25 of 2012-2013 and 2013-2014. Data associated with plant growth parameters (e.g., plant height, stem diameter, and number of axillary shoots per plant) and physiological parameters (chlorophyll content and stomatal density) were recorded 60 days after treatment. After harvest, flower quality (length of flower stem, fresh weight of flower, number of petals per flower, flower diameter, and blind occurrence) for each treatment per crop year was recorded. Flower stem length was measured from the tip of the flower to the cut end. Data were analyzed using DMRT tests.
Analysis of fluorescence
Fluorescence parameters were measured on attached leaves using a portable modulated fluorometer (FMS, Hansautech, PeNtney, UK). Fluorescence (Fo) was measured before dawn or after at least one hour of dark adaptation (provided by dark clips). A saturating pulse of 5200 μmol m −2 s −1 was applied for 0.8 s to obtain maximal fluorescence (Fm) before dawn and under actinic irradiation. The Fv/Fm parameter (Butler 1978) , calculated as (Fm-Fo)/Fm, was recorded.
Analysis of stomatal density
This analysis was performed according to the method described by Naing et al. (2014), with some modifications.
Briefly, three fully expanded leaves were sampled from plants grown under different conditions (control, supplementary light, and combined supplementary light and CO 2 ), and epidermal impressions of the abaxial leaf surfaces were made using a clear adhesive (trade name "Quickfix"). The adhesive was allowed to dry for approximately 30 min before being gently removed with forceps. The epidermal impressions were then mounted on a microscope slide and covered with a cover slip. A light microscope (Olympus AX-70) with a coupled U-photo camera system and a computer with isolation software were used to make observations and take photographs. Three fields of view (0.11916 mm 2 ) were used to count the number of stomata, and stomata were then photographed.
Results
During the 2012-2013 experimental period, the effects of supplementary lighting alone or in combination with CO 2 on the growth, physiology, and flower quality of rose cultivars were investigated. To confirm the results obtained in the 2012-2013 experiments, the treatment effects were re-examined during the 2013-2014 experimental period. The results of the two experiments were similar, and the means of the both experiments are presented here. When the effects of the treatments (control, supplementary lighting, and supplementary lighting and CO 2 ) on the growth of 'Loving Heart' and 'Top Grace' cultivars were investigated, the results suggested that supplementary lighting alone had a significant positive effect on growth parameters, including plant height, stem diameter, and the number of axillary shoots, for both cultivars relative to the controls (Fig. 1a-b) . However, enhanced responses were observed when the plants were simultaneously treated with supplementary lighting and CO 2 (Fig. 1a-c) .
At harvest, the results indicated a significant effect on the flower stem of the cultivars, and different flower stem grades corresponded with different treatments (Table 1) . Flower stems were graded based on their lengths (>70, 60-69, 50-59, and <50 cm). Regarding 'Loving Heart' plants that were grown under a combination of supplementary lighting and CO 2 , a total of 30, 16, 12, and 2 plants that measured >70, 60-69, 50-59, and <50 cm, respectively, were produced. A total of 27, 14, 13, and 6 plants measuring >70, 60-69, 50-59, and <50 cm, respectively, were obtained from those grown under supplementary lighting alone. Only 22, 15, 13, and 10 plants grown under control conditions were produced, and similar results were observed in 'Top Grace' experiments. 'Loving Heart' and 'Top Grace' produced 30 and 31 high-grade plants (>70 cm), respectively, under the combined supplementary lighting and CO 2 conditions. However, both cultivars produced 27 plants under supplementary light conditions, while 22 'Loving Heart' and 23 'Top Grace' plants were observed under control conditions. The effects of combined supplementary lighting and CO 2 conditions on plant responses appeared to be better than those associated with supplementary lighting alone, which was superior to control conditions. Thus, among the treatments, the combined effects of supplementary lighting and CO 2 were recommended for the production of marketable stem size in the target rose cultivars.
Under experimental conditions, including the controls, blind shoot occurrences were not observed in 'Loving Heart', and they were also absent in 'Top Grace' under combined supplementary lighting and CO 2 conditions. However, blind shoot occurrences were observed in 'Top Grace' when it was grown under supplementary lighting and control conditions (Table 2) . Moreover, flowering stems with abnormal florets were also found for both cultivars, but a reduction in the number of abnormal flowers was observed when the plants were grown under supplementary lighting alone or in combination with CO 2 . The results suggested that flower abortion and the production of abnormal flowers could be further prevented using a combination of supplementary lighting with CO 2 compared to supplementary lighting alone.
In addition, we selected plants (>70 cm) derived from different treatments and determined their flower quality based on stem diameter, flower diameter, number of petals per flower, and flower fresh weight, and the treatments also influenced flower quality. For both cultivars, stem and flower diameters of plants treated with supplementary lighting and CO 2 were approximately 0.5-0.7 and 1.5-3.0 unit higher, respectively, than those of plants treated with supplementary lighting alone or under control conditions. Likewise, increased numbers of petals per plant and increased fresh weight of flowers were also observed in the following order: supplementary lighting and CO 2 > supplementary lighting > controls (Table 3) .
Considering the number of stomata (per view) that affect proper plant growth and development, the highest stomatal number was obtained in 'Loving Heart' plants under the combination of supplementary lighting and CO 2 (48.5), followed by supplementary lighting alone and control conditions (Fig. 2) , and the difference was approximately 20 or 9 units higher than stomatal numbers obtained from plants grown under control conditions or supplementary lighting alone, respectively (Table 4) . A similar effect was observed in 'Top Grace', and the number of stomata affected by supplementary lighting and CO 2 was 57.5, which is approximately 27 or 12 units higher than stomatal numbers from plants grown under control conditions or supplementary lighting, respectively.
Differences between the effects of supplementary lighting alone and control conditions on chlorophyll fluorescence (Fv/Fm) were observed, and the control conditions exhibited an Fv/Fm reduction. Under combined supplementary lighting and CO 2 , conditions, the Fv/Fm value was significantly higher than supplementary lighting alone or control conditions (Table 5) ; therefore, Fv/Fm variation could be affected by both parameters.
Discussion
Supplementary lighting using high-pressure sodium lamps (HPS) was shown to be biologically efficient for plant production. Moreover, it has been applied to improve rose plant growth, bud break, flowering bud development, vase life, flower quality, and yield in the greenhouse (Bredmose 1993; Roberts et al. 1993; Fjeld et al. 1994; Blom-Zandstra et al. 1995; Maas and Bakx 1995; Mortensen and Gislerùd 1999; Harada and Komagata 2014) . The similar benefits given by supplementary lighting have been also reported on the cultivation of horticultural crops (Gunnlaugsson and Adalsteinsson 2006; Hovi-Pekkanen and Tahvonen 2008; Pettersen et al. 2010) . Similarly, the effects of CO 2 on roses have also been well documented (Urban et Interestingly, the combination of supplementary lighting and CO 2 led to improved flower stem production and quality in Alstroemeria compared to supplementary lighting alone (Van Labeke and Dambre 1998). Moreover, the combined effects improved the plant growth of chrysanthemum (Mortensen and Moe (1983) , and seedling growth and yield of tomatoes and peppers (Fierro et al. 1994) .
Although several researchers performed a large number of rose studies using supplementary lighting or CO 2 for several purposes, they have not examined the combined effects on roses. Therefore, in this study, we investigated the effects of supplementary lighting alone or in combination with CO 2 on target parameters, including plant height, stem diameter, number of axillary shoots, yield of grade, blind shoot occurrence, flower diameter, number of petals per flower, and flower fresh weight, and we then compared the effects of treatment and control samples.
As expected, supplementary lighting with HPS showed a significant positive effect on the target parameters of this study. For instance, flower stem grade yield (>70 cm) was significantly higher under supplementary lighting than control conditions. Moreover, in 'Top Grace', the percentage of blind shoot occurrence under supplementary lighting conditions was less than that observed under control conditions. The positive effects on roses by supplementary lighting were consistent with the findings of earlier studies (Zieslin and Moe 1985; Bredmose 1993) , which suggested that supplementary lighting was required when roses were cultivated in the winter, because biological efficiency is lower in the winter (lowest point of rose growth) than in the summer. Furthermore, Van Labeke and Dambre (2000) also observed that supplementary lighting significantly reduced the percentage of blind shoots and increased both flower stem development and fresh weight. Roberts et al. (1993) assumed that supplementary lighting using HPS containing a high R:FR ratio increased the number of axillary shoots per plant, because the influence of the high R:FR ratio on lateral branching had been reported in other plants such as chrysanthemums and tomatoes (Mortensen and Stromme 1987; McMahon et al. 1991) . Similar to our results, Harada and Komagata (2014) obtained increased numbers of cut flowers over 70 cm long using supplementary lighting, and they assumed that the results indicated the promotion of photosynthesis in assimilation shoots, which was based on the findings observed in a similar cultivation system (Kumazaki et al. 2012) . Pandy et al. (2009) found that plants under CO 2 enrichment exhibited significantly increased leaf area and chlorophyll concentrations compared those grown under ambient CO 2 , resulting in a higher photosynthetic rate per leaf. The advantages of CO 2 enrichment on the reduction of flower abortion in roses (Hand and Cockshull 1979) were also reported. For instance, Hand and Cockshull (1979) claimed that CO 2 enrichment during the winter (up to 1,000 μL L -1 ) yielded more Note: Means marked with same letter in one column are not significantly different by DMRT. Note: Means marked with same letter in one column are not significantly different by DMRT. marketable flowers and a higher proportion of firstgrade flowers for the 'Sonia' cultivar compared to those grown under control conditions. In this study, the combination of supplementary light and CO 2 (μmol mol -1 ) resulted in significant increases in all of the target rose parameters compared to controls or supplementary lighting alone. These results were in accordance with the findings of Van Labeke and Dambre (1998) , in which the reduction of blind shoots was observed with increased percentages of marketable flowers. Fierro et al. (1994) also reported that the combined effects of supplementary lighting and CO 2 significantly improved seedling growth and yield in tomatoes and peppers.
Stomatal density, an important eco-physiological parameter that affects gas exchange or the rate of photosynthesis (Uprety et al. 2002) , can be affected by light intensity (Lake et al. 2001) , CO 2 -enrichment, or elevated temperature (Uprety et al. 2002; Das 2003) . In this study, increased stomatal density under supplementary lighting conditions was observed. To best of the authors knowledge this result had not been reported in roses despite several related rose studies. The reduction of stomatal density in several plant species, including roses, by CO 2 enrichment was reported in previous studies. However, this result was not in agreement with our research findings, because we found that combined supplementary lighting and CO 2 resulted in increased stomatal density compared to supplementary lighting alone. A similar result was reported by Ferris and Taylor (1994) , in which stomatal density increased with increasing CO 2 concentrations. The contradictory results from the research done by Uprety et al. (2002) and Das (2003) may be due to the different genotypes used in this study. Compared to plants grown under control conditions, increased leaf chlorophyll fluorescence (Fv/Fm) under supplementary lighting conditions was observed in both cultivars, which was similar to the findings of Kim et al. (2011) . Combined supplementary lighting with CO 2 also affected Fv/Fm, but the results were not significant. This finding supports the findings of Urban et al. (2001) , which indicated a slight positive effect of CO 2 on Fv/Fm in roses. Therefore, the findings suggest that increased stomatal density and enhanced leaf chlorophyll fluorescence promote proper rose growth. Consequently, the stomatal density and leaf chlorophyll fluorescence results supported the positive effects of supplementary lighting alone or in combination with CO 2 on the target parameters of the rose cultivars.
In conclusion, although several studies utilized supplementary lighting to promote commercial rose production, the present study indicates that the use of combined supplementary lighting and CO 2 enrichment conditions for the commercial production of rose Note: Means marked with same letter in one column are not significantly different by DMRT. cultivars results in more advantages than when using supplementary lighting alone. Therefore, this study provides important information, which is of direct significance to commercial rose production. 
